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Abstract. Energetic electron observations in Earth’s radiation belts are typ-

ically sparse and multi-point studies often rely on serendipitous conjunctions.

This paper establishes the scientific utility of the Combined X-ray Dosimeter

(CXD), currently flown on 19 satellites in the Global Positioning System (GPS)

constellation, by cross-calibrating energetic electron measurements against data

from the Van Allen Probes. By breaking our cross-calibration into two parts –

one that removes any spectral assumptions from the CXD flux calculation, and

one that compares the energy spectra – we first validate the modeled instrument

response functions, then the calculated electron fluxes. Unlike previous forward

modeling of energetic electron spectra we use a combination of four distribu-

tions that, together, capture a wide range of observed spectral shapes. Our two-

step approach allowed us to identify, and correct for, small systematic offsets

between block IIR and IIF satellites. Using the Magnetic Electron Ion Spectrom-

eter (MagEIS) and Relativistic Electron-Proton Telescope (REPT) on Van Allen

Probes as a “gold standard” we demonstrate that the CXD instruments are well-

understood. A robust statistical analysis shows that CXD and Van Allen Probes

fluxes are similar and the measured fluxes from CXD are typically within a fac-

tor of 2 of Van Allen Probes at energies .4 MeV. We present data from 17 CXD-

equipped GPS satellites covering the 2015 “St. Patrick’s Day” geomagnetic storm

to illustrate the scientific applications of such a high data density satellite con-

stellation, and therefore demonstrate that the GPS constellation is positioned to

enable new insights in inner magnetospheric physics and space weather fore-

casting.
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Index terms: Radiation belts; Energetic particles: trapped; Space radiation en-

vironment; Instruments and techniques

Key points.

1. The CXD instruments have been cross-calibrated against Van Allen Probes.

2. CXD and Van Allen Probes fluxes are typically within a factor of 2 from

about 140 keV - 4 MeV.

3. The 19 CXD-equipped GPS satellites provide high fidelity measurements

and high data density.
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1. Introduction

The outer electron radiation belt is located on closed drift paths at radial distances typically

between 3.5 and 7 Earth radii (RE) [e.g. Ganushkina et al., 2011]. This environment is highly

dynamic and largely driven by variations in the solar wind [e.g. Li et al., 2005]. Understanding

the dynamics of the Van Allen radiation belts is not only of scientific importance, but the ac-

celeration and loss processes that govern the dynamics can have significant effects on, among

others, technological assets in space [Baker, 2000; Welling, 2010; Lohmeyer and Cahoy, 2013]

and atmospheric chemistry relevant to climate [Turunen et al., 2009; Rozanov et al., 2012].

Since the launch of the Van Allen Probes mission [Mauk et al., 2013] significant progress has

been made in understanding the acceleration of lower energy “seed” electrons up to relativistic

energies [Reeves et al., 2013], and rapid losses of radiation belt electrons [Turner et al., 2014].

This latter study combined energetic electron data from eight satellites; however the use of

a “virtual constellation” like this still relies on serendipity due to the interplay of the orbits

of the constituent spacecraft. Energetic particle detectors developed by Los Alamos National

Laboratory (LANL) have been flown in Medium Earth Orbit (MEO) on the Global Positioning

System (GPS) constellation for more than 2 decades; at the end of August 2015 there were 21

active GPS satellites equipped with energetic particle sensors.

The original GPS Burst Detection Dosimeter (BDD) series [Drake et al., 1993] saw limited

scientific application [e.g. Ingraham et al., 1996]. The subsequent series of GPS particle de-

tectors, BDD-II [Feldman et al., 1985], has seen much wider scientific use [e.g. Li et al., 1999;

McAdams et al., 2001; Vassiliadis et al., 2003; Taylor et al., 2004; Bourdarie et al., 2005; Maget

et al., 2007; Millan et al., 2007; Ginet et al., 2013], primarily to characterize the dynamics of the
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radiation belt at L∼4. These detectors suffered from drifts in the gain, leading to varying energy

thresholds and efficiencies throughout their lifetimes [Friedel et al., 2005]. By intercalibrating

these detectors with the Combined Release and Radiation Effects Satellite’s (CRRES) magnetic

electron spectrometer [Vampola et al., 1992], LANL’s Synchronous Orbit Particle Analyzer

(SOPA) [Belian et al., 1992; Cayton and Tuszewski, 2005] and the Comprehensive Energetic

Particle Pitch Angle Distribution (CEPPAD) instrument on Polar [Blake et al., 1995], Friedel

et al. were able to adjust the energy channel assignments and derive ”correction factors” for the

estimated electron fluxes. Through this procedure the utility of the BDD-II data for scientific

use was clearly established.

Since late 2000, two new series of instrument have been flown on the GPS constellation: The

BDD-IIR detector [Cayton et al., 1998], which is significantly different to the BDD-II described

above; and the Combined X-ray Dosimeter (CXD), which is an entirely new design [Cayton,

2004; Tuszewski et al., 2004].

Figure 1 shows the temporal coverage of the energetic electron detectors flown on the GPS

constellation from July 1990 to August 2015. The daily sunspot number is given by the dark

grey line to show the context within the solar cycle. The colored horizontal bars show the

data coverage for each satellite. The dark blue bars show the “gold standard” radiation belt

missions: CRRES (1990-1991) and Van Allen Probes (2012-). The red bars mark the coverage

of the CXD-equipped GPS satellites, details of which are given in table 1. The green bars mark

the coverage of the BDD-IIR instrumented GPS satellites and the cyan bars show the coverage

of the older BDD-II series detectors.

In this manuscript we will discuss the CXD instruments as they are well-understood and

their performance has not previously been adequately addressed in the literature. The CXD

©2016 American Geophysical Union. All Rights Reserved.



instruments are the most numerous of the particle sensors on the GPS constellation, are well-

intercalibrated, and have been used for recent radiation belt studies [Morley et al., 2010a, b; Yu

et al., 2013]; while similar work is ongoing for the BDD-IIR flux data, which have been used ex-

tensively by the Dynamic Radiation Environment Assimilation Model [e.g. Koller et al., 2007;

Reeves et al., 2012], we restrict this manuscript to discussing CXD. This paper will describe the

temporal and spatial coverage of the CXD-equipped GPS constellation (hereafter just referred

to as GPS), before comparing GPS electron measurements with coincident data from the Van

Allen probes Energetic Particle, Composition, and Thermal Plasma (ECT) suite [Spence et al.,

2013] to demonstrate the quality and utility of the GPS data for space weather science. This

paper will conclude with a look at the radiation belt dynamics for the “St. Patrick’s Day” storm

(onset on March 17th, 2015) using GPS data, and compare to the storm-time evolution of the

radiation belts observed by the Van Allen Probes, to illustrate the utility of a high data density

satellite constellation.

2. Data Description

2.1. Data Sources and Coverage

The GPS satellites are distributed across six orbital planes and follow near-circular orbits,

with a 12 hour period, at an altitude of approximately 20200 km. The six orbital planes are

distributed around the Earth and are nominally inclined at 55 degrees. A visualization of the

orbits of the CXD-equipped GPS satellites is shown in figure 2, at midnight on March 17th

2015, in Geocentric Solar Ecliptic (GSE) coordinates. The satellite names mark the location

of each satellite at this time and the orbital track for the previous 12 hours is shown in color.

The colors fade with both distance from the viewpoint and with “age” of the point. The orange

and red arrows mark the Earth-Sun vector and GSE X-vector, which are identical in the GSE
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system. The GSE Z-vector is marked by the blue arrow and the green arrow marks the dipole

axis.

The most common energetic particle instrument on the GPS platform is the Los Alamos Na-

tional Laboratory Combined X-ray Dosimeter (CXD). The CXD instrument measures energetic

electrons with two sensors: the Low Energy Particle (LEP) sensor, which provides five electron

energy channels from about 140 keV; and the High Energy Particle (HXP) sensor, which pro-

vides six electron energy channels from about 1.3 MeV upwards. Nominal energies for these

channels are given in table 2. Various sampling rates can be commanded, though the typical

sampling rate is 240 s. Each of these sensors also provides proton measurements, and the pro-

ton data will be the subject of future work. Details of the instrument design, including the

integrated X-ray sensors, are given by Distel et al. [1999] and more details on the LEP sensor

are given by Tuszewski et al. [2004].

The Van Allen Probes satellites are in highly elliptical, low-inclination orbits. The orbits are

configured slightly differently, such that one spacecraft laps the other spacecraft several times

per year. We use energetic particle data from the Magnetic Electron Ion Spectrometer [MagEIS;

Blake et al., 2013] and the Relativistic Electron Proton Telescope [REPT; Baker et al., 2013].

Full details of the Van Allen Probes mission and orbital configuration can be found in Mauk

et al. [2013] and descriptions of the energetic particles suite are given by Spence et al. [2013,

and references therein]. Additional work discussing on-orbit calibration and cross-calibration

of the Van Allen Probes instruments has been presented by Morley et al. [2013] and O’Brien

et al. [2015].

As shown in figure 1, by the end of August 2015 there were 19 GPS vehicles in orbit equipped

with CXD instrument packages – these are the satellites we have used for this study – giving
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∼118 satellite-years of CXD data since 2001; the two GPS vehicles equipped with BDD-IIR

sensors will be addressed in future work. We will identify the satellites by their SVN (satel-

lite vehicle number) for consistency with previous work [e.g. Taylor et al., 2004; Morley et al.,

2010b; Ginet et al., 2013]. Selected details of the satellites used in this study are given in ta-

ble 1. Figure 3a shows the range of magnetic local times (MLT) sampled by GPS vehicle ns65

between September 2012 and August 2015, as a function of L. Figure 3b shows the orbital cov-

erage of ns65 in magnetic latitude (MLat) as a function of L. The L used here is the McIlwain

L [McIlwain, 1961; Hilton, 1971] for a locally mirroring particle; MLat and MLT are calcu-

lated for an eccentric dipole [Fraser-Smith, 1987]. It should be noted that the GPS satellites,

which are in near-circular orbits, sample a range of magnetic latitudes due to the inclination

of their orbit and hence also sample a wide range of L. This characteristic orbit therefore re-

stricts the range of equatorial pitch angles sampled by the satellites as a function of L - as the

magnetic latitude increases, the maximum equatorial pitch angle that is observable decreases.

Figure 3d follows the same format, but shows the MLat-L coverage for a Van Allen Probes

satellite (RBSP-A) between September 2012 and August 2015. The coverage is calculated from

daily files of the magnetic coordinates of each satellite at 5 minute cadence and, to reduce the

number of samples, 200 days are randomly selected from the full data interval. The probability

of occurrence of a given L-MLat bin is then calculated from the reduced data set. Figure 3d is

the same as figure 3b, but for RBSP-A.

2.2. Conjunctions between GPS and Van Allen Probes

A physical conjunction between a GPS satellite and one of the Van Allen probes (both A and

B were used) was defined whenever the Euclidean distance between them falls below 1000km.

To calculate the distance between the GPS satellites and Van Allen probes satellites we have
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used ephemeris data at 1-minute cadence, and where a conjunction is found the nearest CXD

electron data point is taken as the time of conjunction. As the CXD data are sampled at 240 s

cadence, we exclude any additional conjunctions that may fall in this time window. Adjacent

data points in the ephemeris can therefore yield multiple conjunctions that are separated in time

by 4 minutes. The set of conjunctions includes 48 that are separated from the previous conjunc-

tion by 4 minutes; only two sets of conjunctions contain more than two adjacent measurements.

Across the interval of study (September 2012 to August 2015) we have identified 140 conjunc-

tions between CXD-equipped GPS and Van Allen Probes. As the MagEIS and REPT data used

are at the cadence of the Van Allen Probes spin period ('10 s) we then average the Van Allen

Probes data for the sampling interval for each CXD observation. Due to the phasing of the orbits

and the temporal coverage of the satellites, the majority of conjunctions are on the nightside,

however their distribution in latitude is fairly even. The median Kp value for all conjunctions

is 1+ and the upper and lower quartiles are (3−, 1−); the peak Kp value at any conjuction is

5+. The median Dst value for all conjunctions is -7 nT and the upper and lower quartiles are (4,

-17) nT; the minimum Dst value at any conjunction is -72 nT. The set of conjunctions therefore

represents a wide range in geomagnetic activity levels.

3. Results

3.1. Comparison between GPS and Van Allen Probes MagEIS/REPT

To show how well the GPS detectors perform we compare to the Van Allen Probes ECT suite

(MagEIS and REPT). In the first instance we remove spectral assumptions inherent in the GPS

flux calculation [Morley et al., 2014] by combining the Van Allen Probes fluxes with the GPS

instrument response functions (G(E)), as described by equation 1. This gives us the expected

count rate (C) in the GPS detector, assuming the flux measurements from the Van Allen Probes
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(j(E)) as our ground truth. Each energy channel of the detector is analyzed in this way and

we perform our initial analysis using these data. The CXD instrument response function is

calculated from Monte Carlo simulation [e.g. Cayton, 2004; Morley et al., 2014], and this can

be regarded as an energy-dependent geometric factor.

Ci =

∫
E

j(E)Gi(E)dE (1)

Figure 4 shows, in the left panel, the differential number fluxes measured by the MagEIS and

REPT instruments on the Van Allen Probes satellite RBSP-A at a physical conjunction between

RBSP-A and ns59. In the right hand panel the expected counts (calculated from the RBSP-A

data) and the observed counts (measured by the CXD on ns59) are shown. The right-hand panel

is annotated with metrics for the correspondence between the count rates; the mean error ratio ε

is defined to be the mean ratio of CXD counts to “expected” counts. The data shown in figure 4

have been calculated for 140 conjunctions between GPS and the Van Allen Probes.

To investigate the correspondence for each energy channel of CXD, figure 5 presents scatter

plots for the first four energy channels of the GPS detectors. Data from energy channels five

through eight are shown in an identical format in figure 6. The abscissa is the count rate observed

by GPS and the ordinate is the expected count rate, based on ECT flux data. A dashed black

line corresponding to y = x has been added to each plot. A line of best fit on log10 counts

has been calculated using ordinary least squares (OLS), shown in red, and a 95% confidence

interval on the fitted line is shown by the grey shading [see, e.g. Sheskin, 2007, pp. 1241-

1243]. Each panel is annotated with the Pearson correlation coefficient (R) and the coefficient

of determination (R2) for the linear fit. Taking the log10 prior to fitting is a necessary step for a

statistically valid analysis; among other motivitations, we hereby reduce the heteroskedasticity

of the data allowing application of OLS. To avoid comparing background count rates, which
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would not be expected to follow a linear model, where the CXD count rate falls below 2 s−1 we

have removed the data from this analysis. This filter only affects three conjunctions for channels

1-6, with the number of points excluded rising to 25 by channel 8.

The same information is encapsulated in Figure 7, in the form of boxplots. A boxplot is

shown for each electron energy channel on GPS, and the ordinate is the log10 ratio of observed

count rate to expected count rate. We use the log10 of the ratio so that the ratios are symmetric

both above and below 1. To make this figure easier to interpret we have included a dark grey

shaded area that marks a factor of 2 difference, and a light grey shaded area that marks a factor

of 3 difference. The central box marks the inter-quartile range, thus containing the middle 50%

of the data, and the red bar locates the median value; the notches surrounding the red bar mark

a bootstrapped 95% confidence interval about the median. The bars (“whiskers”) extend to

1.5 times the interquartile range beyond the upper and lower quartiles [cf. Tukey, 1977; Wilks,

2006]. Any points outside of the whiskers are deemed to be outliers and are marked individually.

By comparing the boxplots for each electron energy channel it is easily seen that the typical

observed count rate is close to the expected count rate (the 95% CI on the median includes

unity) and only a small fraction of comparisons are more than a factor of two different. This

figure also includes boxplots for energy channels 9, 10 and 11. While the median ratio for

channel 9 is close to unity, the spread (as measured by the inter-quartile range) is larger than

lower energy channels; the counts in channels 10 and 11 do not compare at all well to the

counts expected from the Van Allen Probes energy spectrum, but as these channels measure

electron energies greater than ∼4 MeV this is most likely due to unaccounted-for instrument

backgrounds.
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The largest outlier seen in CXD channels 1 and 2 has been investigated. For this work we

have used the background-corrected MagEIS fluxes [see Claudepierre et al., 2015] and where

no background correction is available the flux is set to a fill value; we note that this primarily

affects the lower energy channels on RBSP-A. In this case our processing sets the missing

MagEIS flux values to zero and thus the “expected” count rate is underestimated in the channels

most sensitive to lower energy electrons. The outlier is a case where the background correction

could not be applied and no MagEIS data below 1 MeV were used. To improve the comparison

between the “expected” and observed count rates we could either ignore these cases or fill the

spectrum with the uncorrected MagEIS fluxes. Since only a small fraction of the conjunctions

are affected by fill values in the corrected MagEIS data we have chosen to leave them in our

analysis, but noting that the largest differences between the lower energy channels on CXD and

Van Allen Probes data can be explained.

3.2. CXD electron fluxes

Until this point, we have been comparing counts from the CXD instruments with ”expected

counts” obtained by folding the RBSP flux spectrum through the GPS instrument responses.

While this demonstrates that the instrument is indeed well understood, the inversion of the

counts to flux is not trivial. In this section we therefore provide a brief overview of the current

forward modeling methodology for deriving fluxes and compare these derived data with Van

Allen probes flux data.

Full details of the data processing methodology for GPS are given by Morley et al. [2014],

though for this work we have extended the forward model as described below. As described in

Morley et al. [2014], we account for the response in the electron channels due to protons when

fitting energy spectra. As noted previously the response matrix is calculated from Monte Carlo
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simulation with a distribution of incident particle energies [Cayton, 2004; Morley et al., 2014],

and can be regarded as an energy-dependent geometric factor. The instrument response is then

multipied by an assumed energy spectrum for a wide range of possible parameter space. The fit-

ting process adopted during this work assumes three Maxwell-Jüttner (relativistic Maxwellian)

distributions, with the addition of a normal distribution (in log(momentum)) to allow the fit to

capture a localized peak in the energy spectrum; the use of Maxwellians in fitting energetic

electron data has been discussed by, among others, Cayton et al. [1989], Borovsky et al. [1998]

and Cayton and Tuszewski [2005]. The specific application (of a single relativistic Maxwellian)

to GPS data has been discussed by Denton and Cayton [2011], along with limitations of using a

single relativistic Maxwellian [see also Morley et al., 2014]. We use a nonlinear optimization to

find the best-fit parameters for each component distribution, and using four components allows

us to flexibly capture observed energy spectra without overfitting. Additional details are given

in the Appendix.

While performing this work systematic offsets between the expected and observed counts

were found, in particular for the lowest 5 energy channels. These energy channels are from the

low-energy particle (LEP) component of the CXD instrument [Cayton, 2004] and the sense of

the offset was consistent with an underestimate of the Bremsstrahlung contribution [Tuszewski

et al., 2004]. A constant scaling was applied to the Bremsstrahlung component of the instru-

ment response, which was found to improve agreement with the “expected” counts, however,

applying a constant scaling to the full energy-dependent response both improved the median

error and reduced the spread of count ratios. We therefore revised the response functions, us-

ing constant scaling factors which are given in table 2), to cross-calibrate the CXD instruments

with the Van Allen Probes ECT suite, but we again note that the scaling factors are small and
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previous work using CXD-derived fluxes [e.g. Yu et al., 2013] is unaffected by this change. All

results presented in this paper use the revised instrument response functions.

Figure 8 shows six sample comparisons of flux spectra at conjunction times. The sample

spectra were selected to be representative of the typical quality of fit across a range of spectral

forms. We note that the upper right panel shows the fitted spectrum for the conjunction shown

in Figure 4. Each panel shows the fitted differential flux spectrum estimated using the GPS

count rate data as the solid black line. The component spectra are shown in different colors and

linestyles: the Maxwell-Jüttner distributions are shown in magenta (with crosses), red (dashed)

and green (with diamonds); the Gaussian distribution is shown in cyan (dash-dot). The pair of

satellites in conjunction are listed in the title for each panel, along with the date and time of

the conjunction. The Van Allen Probes spectrum is a average flux spectrum for the 4-minute

sampling interval centered on the nominal CXD sample time.

Flux spectra have been calculated for all 140 conjunctions and we follow the approach in

section 3.1 to assess the correspondence between the CXD flux measurements and the Van

Allen Probes flux data. Figure 9 shows scatter plots of the CXD flux against the Van Allen

Probes flux at selected energies between 350 keV and 3.4 MeV. The panels follow the format

of 5, but have different information in the annotation and an additional linear fit. Each panel

is annotated with the energy, the median flux ratio, the Pearson correlation coefficient (R) and

the coefficient of determination (R2). We define the median flux ratio is calculated as, M =

median(jCXD/jRBSP ), thus a median ratio greater than unity indicates that CXD fluxes are

typically higher than Van Allen Probes fluxes at that energy. Similarly, a median ratio less than

unity indicates that CXD fluxes are typically lower than Van Allen Probes fluxes. A median ratio

of unity would indicate that the measurements are typically the same and are thus unbiased. The
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linear fit given by the red line (with grey 95% CI) in figure 9 is as described for figure 5; the

additional linear fit marked by the purple line (with a yellow 95% CI) is a robust linear fit using

the Theil-Sen estimator [Sen, 1968; Wilcox, 1998].

At lower values of flux, the correspondence between CXD and Van Allen Probes is not as

good; that is, the deviation from a model jCXD = jRBSP increases at lower fluxes. Ordinary

least squares (OLS) regression is not robust to outliers [e.g. Wilks, 2006], and though the bulk

of data points are at higher flux the outliers at low flux can significantly affect the OLS fit. To

examine the effect of the low flux cases on the best-fit linear model we have used the Theil-Sen

estimator to provide a robust linear regression. This estimator is calculated as the median of all

slopes calculated from all pairings of data points. As such it is robust to outliers, but is an un-

biased estimator of the true slope [Sen, 1968]. The panels in figure 9 corresponding to energies

of 0.35 MeV, 0.73 MeV and 3.4 MeV all have a Theil-Sen line where the CI encompasses the

y = x line, in contrast to the OLS fit which can be seen to be affected by points at low flux. The

slopes and CIs for at 1.55 MeV and 2.6 MeV are similar for both methods and the 1.55 MeV fit

is consistent with a model of jCXD = jRBSP . The slopes of the best linear models at 1.0 MeV

and 2.6 MeV are very close to 1, but display a systematic offset such that CXD consistently

underestimates the fluxes by factors of up to 2. These systematic offsets are better understood

by displaying these data as boxplots.

Figure 10 shows the distributions of flux ratios at twelve different energies, from 230 keV up

to 5.2 MeV, as box plots. For symmetric representation of ratios about 1, see section 3.1, we plot

the logarithm of the flux ratio (log10(jCXD/jRBSP )). The box plots follow the same format as

in Figure 7. The median flux ratios are within a factor of two from 230 keV to 4.2 MeV, and the

median CXD flux at 5.2 MeV is within a factor of 3 of Van Allen Probes, though the spread is
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large. Across this set of conjunctions there are clear differences between the flux measurements

from CXD and Van Allen Probes, but these vary with energy and are typically much less than

a factor of two. For most sampled energies the majority of conjunctions yield results that lie

within a factor of two of the Van Allen Probes measurement. Taking the 1.0 MeV comparison

as our “worst case” example, we can see that 50% of the data are within a factor of two of the

Van Allen Probes data, and more than 75% are within a factor of three. In the 5.2 MeV energy

channel CXD is systematically much lower than RBSP; we use the CXD proton flux to estimate

the background due to protons in the electron channel and subtract this prior to estimation of

the electron fluxes. Although the REPT background is known to be low, there is no explicit

background subtraction performed in the data used for this work, and hence the CXD fluxes at

this energy are expected to be lower.

The largest typical disagreements are seen around 1-2 MeV and the most likely reason for

this can be seen in Figure 8. In several of these spectra the Van Allen Probes data display a clear

peak in this energy range. These spectral types are consistent with observations from CRRES

inside the plasmapause [Johnston et al., 2010, ; also W.R. Johnston, C.D. Lindstrom and G.P.

Ginet, “Characterization of radiation belt electron energy spectra from CRRES observations”,

manuscript in preparation for Geophysical Research Letters, hereafter referred to as Johnston et

al., 2015]. Johnston et al. [2015] also showed that outside the plasmapause the spectral shape

was typically better described by exponential and power-law fits with the spectrum typically

hardening at higher L [see also Cayton et al., 1989]. Based on this we believe it is reasonable

to suppose that the fitting procedure will better capture the spectral shapes typically observed at

higher L, with the results presented here representing a “worst case”.
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3.3. Sample Event: March 17th, 2015 storm

Now that the correspondence between GPS-derived fluxes and Van Allen Probes fluxes has

been demonstrated, we turn to illustrating the utility of the Global Positioning System as a

space environment monitor. First we note the major caveats associated with flux data from the

CXD instrument: CXD does not provide pitch-angle resolved measurements; due to the orbital

inclination the equatorial pitch angles sampled near L'6.6 are typically in the range 20◦-30◦,

with the full range of equatorial pitch angles sampled only as each GPS satellite crosses the

magnetic equator near L'4. We note also that, although Van Allen Probes is “near-equatorial”,

the magnetic latitude can be up to ±20◦ and therefore Van Allen Probes can also be unable

to measure equatorial pitch angles above 30◦. Referring to figures 3b and 3d we can see that

while this situtation is always the case for GPS, the Van Allen Probes are more typically near

the magnetic equator and will measure the majority of equatorial pitch angles.

By combining data from seven GPS satellites, Morley et al. [2010a] were able to obtain

nearly complete coverage of the radiation belts at hourly temporal resolution. They used this

unprecedented data density to analyze a rapid dropout of the electron radiation belt in May 2007

and determine timescales for the dropout at different L and energy, finding that the dropout

occurred in less than 2 hours (for E≤1.25 MeV). As the number of GPS satellites equipped with

CXD instrumentation has increased dramatically in recent years we are now able to combine

many more satellites and further improve our data coverage. Figure 11 shows electron flux

data at 1 MeV from GPS (upper panel), and Van Allen Probes (lower panel), for a week in

March 2015. The data presented are binned averages, where the bins are 20 minutes in time

and 1⁄3 in L; data from 17 GPS satellites are included in the upper panel, both RBSP-A and

RBSP-B are included in the lower panel. The L value used here is the McIlwain L for locally
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mirroring particles, calculated using the T89 magnetic field model [Tsyganenko, 1989]. The

outer edge of the GPS data is determined by two factors: First, a spectral fit is not determined

in cases where the estimated background is high relative to the count rates (the count rate must

exceed the background rate plus 3σ, where σ is the estimated standard deviation for a Poisson

process); second, if the field line is open for a given location then a McIlwain L value cannot

be determined and the data will not be included. The Van Allen Probes data displayed are spin-

averaged fluxes from MagEIS – to maximize data availability we present MagEIS data that has

not been background-corrected in this figure.

The interval plotted contains the “St. Patrick’s day” storm of 2015, which began on March

17th. For an overview of this event the reader is referred to Cherniak et al. [2015], particularly

their figure 1. The main features of the radiation belt dynamics – a rapid and deep dropout,

followed by a long period of strongly enhanced electron flux – can be clearly identified in both

data sets. As we are averaging over local time, and bearing in mind the caveats given above,

we do not expect identical estimated fluxes for any given L and time. Though the capabilities

of the ECT instrument suite are clearly superior to CXD, as figure 11 demonstrates the data

density allow science discovery that is impossible with Van Allen Probes alone. The 20 minute

resolution of the displayed GPS data are sufficient to resolve the rapid flux dropout at low L,

with the flux at L'4.1 falling by a factor of ∼20 over <3 hours. Outside L'5 the counts fall

rapidly to background in the CXD instruments and so no fluxes are calculated, however we note

that the Shue et al. [1997] magnetopause model predicted a minimum magnetopause standoff

of 5 RE (not shown). A detailed analysis of this storm is planned, but is beyond the scope of the

current work. The key point is that the unprecedented number of identically instrumented GPS
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satellites will provide valuable context for current and future science missions, while enabling

scientific discovery and space weather monitoring in its own right.

The potential impact of these data is wide-ranging, including data assimilation for reanalysis

[e.g. Reeves et al., 2012; Kellerman et al., 2014], further development of climatological models

[Ginet et al., 2013], and detailed analysis of radiation belt dynamics [Morley et al., 2010a]. As

recently noted by Horne and Pitchford [2015], satellites being moved to geosynchronous orbit

by means of electric orbit raising will move through the heart of the radiation belts for 200-400

days. This argues strongly for an increased understanding, and situational awareness, of the

medium-Earth orbit radiation belt dynamics.

4. Summary and Conclusions

Using the Van Allen Probes ECT suite as a “gold standard” we have assessed our under-

standing of the CXD energetic particle instrument, currently flown on more than 18 Global

Positioning System satellites, and have validated our calculation of differential number flux.

We find that:

1. The CXD instruments are well understood as demonstrated by the comparison between

the observed count rate and an “expected” count rate derived using Van Allen Probes flux data

and the CXD instruments response functions.

2. The original instrument response functions presented by Cayton [2004] [see also Morley

et al., 2014] allowed good estimation of the CXD count rates from Van Allen Probes flux data,

but small systematic biases (given in table 2) were found in the responses of block IIR and block

IIF satellites. The instrument response functions have been modified to cross-calibrate the CXD

instruments against the Van Allen Probes ECT suite.
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3. The CXD instruments provide good quality measurements of the electron number flux

from energies of about 140 keV to about 4 MeV. Robust linear regression shows that the CXD

and Van Allen Probes fluxes at conjunction are well-modeled by a straight line with a slope near

1. The measured fluxes from CXD are typically within a factor of 2 of the flux measurements

from Van Allen Probes.

4. We have established the scientific utility of the CXD energetic particle sensors on the GPS

constellation and argue that using physical conjunctions near L=4 represent a worst case; flux

estimates at higher L are likely to have a smaller error in their estimation due to the spectral

shape being more exponential. By demonstrating the high fidelity electron flux measurements

available from the GPS constellation, we believe this data set is now positioned to provide new

insights in space weather nowcasting, scientific understanding of energetic electron processes

and further development of statistical radiation belt models such as AE9/AP9/SPM [Ginet et al.,

2013].

Appendix: Flux fitting procedure

The fit function has three relativistic Maxwellian (Maxwell-Jüttner; hereafter referred to as

MJ) components plus a Gaussian term in log(momentum). The precedure we have adopted for

fitting is iterative: fits are done in series, adding one function at a time until the final step fits all

four components simultaneously.

We define our component distributions as follows, where the normalizations for each distri-

bution are denoted by N and the differential number flux is denoted by j. The subscripts MJ
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and G refer to the MJ and Gaussian distributions, respectively.

NMJ =
nic

4πTK2(me/T )
(2)

jMJ = NMJ
p2

exp(me/T )m2
e

exp(−E/T ) (3)

jG = NG

(
ln(p/µ)2

2σ2

)
(4)

where p2 = (E + me)
2 − m2

e, E is the electron kinetic energy, me is the electron rest mass

energy (0.511MeV), T is the temperature of the distribution, n is the number density and µ is

the relativistic momentum at the peak of the Gaussian distribution. K2 is a modified Bessel

function of the second kind, of order 2.

The initial values for minimization are taken from the single-component MJ fit described

in Morley et al. [2014]. All subsequent fitting is performed using the MINUIT minimization

package [James and Roos, 1975] with the ROOT data analysis framework [Antcheva et al.,

2009]. The specific minimization algorithm used is the MIGRAD algorithm, which is a variant

of the Davidon-Fletcher-Powell method [e.g. Press et al., 1992]. We use the fit parameters n0

and T0 as the initial guess for a constrained fit of the first MJ component. The number density

and temperature of the resultant distribution are constrained to lie in the interval

n0

10
< n′0 < 10n0 (5)

T0
3
< T ′0 < 3T0 (6)
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The resulting parameters are n′0, and T ′0, which are used for constraining later stages in the

fitting. We then set the limits for the first two MJ distributions to be:

0.1n′0 < n1 < 5n′0 (7)

T ′0/3 < T1 < 3T ′0 (8)

0 < n2 < 10n′0 (9)

3.3T ′0 < T2 < max(15T ′0, 10MeV) (10)

The initial guesses for the parameters of the first MJ are n′0 and T ′0, and for the second MJ are

n2 = n′0/10 and T2 = 5T ′0. A four-parameter fit is then performed, fitting all four parameters

simulataneously, and all parameters are allowed to vary within the constraints given above.

Now we add a third MJ distribution with parameters n3 and T3 and initial guesses of n3 =

n1/10 and T3 = T1/5, with limits:

0 < n3 < 3 ·max(n1, n2) (11)

T ′0/33 < T3 < T ′0/3.3 (12)

Constraints on the other parameters are the same as given previously. The full fit is then re-

done with 3 MJ distributions simultaneously, allowing all n and T parameters to vary within

constraints.

The last step in the fit procedure is to add a Gaussian in log of momentum with three param-

eters NG, µ and σ. Initial guesses are NG = 1000 cm−2 sr−2 sec−1 MeV−1, µ = 2MeV/c and

σ = 0.3 with limits:

0 < NG < 1e8 (13)

0.6 < µ < 10MeV/c (14)

0.2 < σ < 2 (15)
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Finally all nine parameters are fit simultaneously, with the aforementioned constraints, to give

the final fit parameters for the four component distributions. The final flux spectrum is therefore

the linear sum of these four distributions.
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ner, J. Mobilia, D. H. Voss, A. Korth, M. Güll, K. Fisher, M. Grande, and D. Hall (1995),

CEPPAD, Space Sci. Rev., 71, 531–562, doi:10.1007/BF00751340.

Borovsky, J. E., M. F. Thomsen, D. J. McComas, T. E. Cayton, and D. J. Knipp (1998), Magne-

tospheric dynamics and mass flow during the november 1993 storm, Journal of Geophysical

Research: Space Physics, 103(A11), 26,373–26,394, doi:10.1029/97JA03051.

©2016 American Geophysical Union. All Rights Reserved.



Bourdarie, S., R. H. W. Friedel, J. Fennell, S. Kanekal, and T. E. Cayton (2005), Radiation

belt representation of the energetic electron environment: Model and data synthesis using the
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Turunen, E., P. T. Verronen, A. Seppälä, C. J. Rodger, M. A. Clilverd, J. Tamminen, C.-F. Enell,

and T. Ulich (2009), Impact of different energies of precipitating particles on NOx generation

in the middle and upper atmosphere during geomagnetic storms, J. Atmos. Sol.-Terr. Phys.,

71, 1176–1189, doi:10.1016/j.jastp.2008.07.005.

Tuszewski, M., T. E. Cayton, J. C. Ingraham, and R. M. Kippen (2004), Bremsstrahlung effects

in energetic particle detectors, Space Weather, 2(10), doi:10.1029/2003SW000057, s10S01.

Vampola, A. L., J. V. Osborne, and B. M. Johnson (1992), CRRES magnetic electron spectrom-

eter AFGL-701-5A (MEA), J. Spacecr. Rockets, 29, 592–594.

Vassiliadis, D., A. J. Klimas, R. S. Weigel, D. N. Baker, E. J. Rigler, S. G. Kanekal, T. Nagai,

S. F. Fung, R. W. H. Friedel, and T. E. Cayton (2003), Structure of Earth’s outer radiation

belt inferred from long-term electron flux dynamics, Geophysical Research Letters, 30(19),

doi:10.1029/2003GL017328, 2015.

Welling, D. T. (2010), The long-term effects of space weather on satellite operations, Ann.

Geophys., 28(6), 1361–1367, doi:10.5194/angeo-28-1361-2010.

Wilcox, R. R. (1998), How many discoveries have been lost by ignoring modern statistical

mathods?, American Psychologist, 53, 300–314.

Wilks, D. S. (2006), Statistical methods in the atmospheric sciences, 2nd Edition, Academic

Press.

Yu, Y., J. Koller, and S. K. Morley (2013), Quantifying the effect of magnetopause shadowing

on electron radiation belt dropouts, Annales Geophysicae, 31(11), 1929–1939, doi:10.5194/

angeo-31-1929-2013.

©2016 American Geophysical Union. All Rights Reserved.



Table 1. Selected details of Global Positioning System satellites carrying Los Alamos Combined X-

Ray Dosimeters (CXD) used in this study. The columns give, in order, the NORAD tracking number,

the space vehicle number, the international designation, the orbital plane, block and the date from which

CXD data are available. Expanded from table 1 of Morley et al. [2010b]
NORAD # SVN ID Orbit. Plane Block Data From (mm/yy)
40730 ns72 2015-033A C IIF 08/2015
40534 ns71 2015-013A B IIF 04/2015
40294 ns69 2014-068A E IIF 12/2014
40105 ns68 2014-045A F IIF 09/2014
39741 ns67 2014-026A D IIF 07/2014
39533 ns64 2014-008A A IIF 05/2014
39166 ns66 2013-023A C IIF 07/2013
38833 ns65 2012-053A A IIF 11/2012
37753 ns63 2011-036A D IIF 10/2011
36585 ns62 2010-022A B IIF 06/2010
32384 ns57 2007-062A C IIR-M 01/2008
32260 ns55 2007-047A F IIR-M 11/2007
29601 ns58 2006-052A B IIR-M 12/2006
28874 ns53 2005-038A C IIR-M 10/2005
28474 ns61 2004-045A D IIR 11/2004
28361 ns60 2004-023A F IIR 07/2004
28190 ns59 2004-009A C IIR 03/2004
27663 ns56 2003-005A B IIR 02/2003
26690 ns54 2001-004A E IIR 02/2001
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Table 2. Nominal energy channel assignments for CXD instrument and scaling on previously pub-

lished response functions [cf. Cayton, 2004; Morley et al., 2014].
Channel Nominal Energy [MeV] Response Scaling

Block IIR/IIR-M Block IIF
1 0.14 - 0.23 1.61 1.08
2 0.23 - 0.41 1.45 1.00
3 0.41 - 0.77 1.40 1.00
4 0.77 - 1.25 1.25 0.93
5 1.26 - 1.40 1.00
6 1.3 - 1.7 1.00 0.70
7 1.7 - 2.2 0.84 0.77
8 2.2 - 3.0 0.74 1.00
9 3.0 - 4.1 1.00 1.00

10 4.1 - 5.8 1.00 1.00
11 5.8 - 1.00 1.00
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Figure 1. The temporal coverage of selected missions flying energetic electron detectors from July

1990 to August 2015. The daily sunspot number is given by the dark grey line to show the context

within the solar cycle. The colored horizontal bars show the data coverage for each satellite; these

bars are individually annotated with the satellite name. The dark blue bars show the “gold standard”

radiation belt missions: CRRES (1990-1991) and Van Allen Probes (2012-). The red bars mark the

coverage of the CXD-equipped GPS satellites. The green bars mark the coverage of the BDD-IIR

instrumented GPS satellites and the cyan bars show the coverage of the older BDD-II series detectors.
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Figure 2. A visualization, in Geocentric Solar Ecliptic (GSE) coordinates, of the orbits of the CXD-

equipped GPS satellites listed in table 1, at midnight on March 17th 2015. The satellite names mark

the location of each satellite at this time and the orbital track for the previous 12 hours is shown in

color. The colors fade with both distance from the viewpoint and with the time since the satellite was

at that location. The orange and red arrows mark the Earth-Sun vector and GSE X-vector. The GSE

Z-vector is marked by the blue arrow and the green arrow marks the dipole axis. The grid is in the GSE

equatorial plane (i.e. the ecliptic plane).

©2016 American Geophysical Union. All Rights Reserved.



Figure 3. The spatial sampling of a representative GPS satellite (ns65) and Van Allen probes satellite

RBSP-A, represented by the logarithm of the probability of occurrence for each bin. Panels a (ns65)

and c (RBSP-A) show the sampling in Magnetic Local Time as a function of McIlwain L. Panels b

(ns65) and d (RBSP-A) show the sampling in magnetic latitude as a function of McIlwain L.
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Figure 4. A two-panel plot showing: (left) spin-averaged electron number flux measured by Van

Allen Probes, where data from MagEIS are colored red and REPT data are colored black; (right) a

comparison of the count rates in each GPS electron energy channel, where the GPS count rates are

colored blue and the “expected” count rate from Van Allen Probes are colored orange. The “expected”

counts are derived by folding the observed flux spectrum with the CXD response function. Metrics for

the correspondence between the count rates are displayed in the right-hand panel.
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Figure 5. Scatter plots of the measured and “expected” count rates for all conjunctions for GPS energy

channels 1 through 4. The dashed black lines show y = x, the red lines are the best fits to the data and

the grey envelopes mark the 95% confidence interval on the linear fit.
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Figure 6. Scatter plots of the measured and “expected” count rates for all conjunctions for GPS energy

channels 5 through 8. The format is identical to figure 5.
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Figure 7. Boxplots of the log10 of the ratio of measured to “expected” count rates for all conjunctions

for all GPS electron energy channels.
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Figure 8. Sample spectra calculated from the CXD count rates (black lines) compared with contemporaneous
measurements from the Van Allen Probes (solid markers). The red circles mark data from MagEIS and the
black circles mark data from REPT. The component distributions used in fitting the flux are shown by the
colored lines and are fully described in the text. Each panel has the date and time of the conjunction, with the
satellite names, in the title.
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Figure 9. Scatter plots of the GPS electron fluxes and RBSP electron fluxes for six energies. The format
is similar to figure 5, with the addition of an annotated bias (median ratio of fluxes) and an additional linear
fit. The purple line gives a robust linear fit, calculated using the Theil-Sen estimator, with a 95% confidence
interval marked in yellow.
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Figure 10. Boxplots of the log10 of the ratio of GPS electron fluxes to RBSP electron fluxes for 12

energies. The dark shaded region marks a factor of 2 difference and the light shaded region marks a

factor of 3 difference.
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Figure 11. The upper panel shows 1 MeV differential electron flux measured by the GPS CXD

instruments, sorted by McIlwain L (calculated using T89). The lower panel shows '1 MeV spin-

averaged electron flux measured by the MagEIS instruments on Van Allen Probes. The data are binned

averages with a temporal resolution of 20 minutes and a resolution of 1/3 in L. Data from 17 GPS

satellites were combined to make the upper panel; data from both RBSP-A and RBSP-B are included

in the lower panel.

©2016 American Geophysical Union. All Rights Reserved.


